The properties of pure 99.99% aluminium after severe plastic deformation by equal channel angular pressing (ECAP) with low (1, 2) and high (4, 6, 12) number of passes were investigated. The constant-deflection mode of the small punch test was used to compare the mechanical behaviour. The advantages of the test are that smaller amount of material is needed and the sample preparation is easier. Characteristic points as yield force and maximum force were evaluated from the recorded dependence of force vs. deflection. A possibility of their conversion into variables of conventional tensile test is discussed. Fracture energy was calculated from this dependence. The tests were performed at both room temperature and elevated temperatures up to 300 °C. The appearance of fracture surfaces was observed by scanning electron microscopy. The tendency for increased strength of ECAPed Al in comparison with virgin Al was notable at room as well at elevated temperatures. The number of ECAP passes that gave Al with the greatest strength were however not the highest number of passes (12) but 1 or 2 passes depending on testing temperature. Higher numbers of ECAP passes showed stagnation and slight decrease of the strength of ECAPed Al.
Introduction
The small punch test (SPT) method was applied in the study of pure aluminium after severe plastic deformation by equal channel angular pressing (ECAP). SPT is using miniature discs specimens of 8 mm in diameter and 0.5 mm thickness [1] and can be used for determining various mechanical properties from very small volume of materials: creep [2] [3] [4] [5] [6] , static [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and fracture [17] [18] [19] [20] [21] . In these tests, a small punch with a spherical head penetrates through the disc specimen into a receiving hole. Two variants of the test can be performed: (i) SPT-CDR (constant deflection rate) is certain analogy to tensile testing and (ii) SPT-CF (constant force) in which the puncher penetrates under a constant force and the time dependence of the deflection is measured. This test is similar to a conventional creep test. In this study we applied SPT-CDR due to limited volume of material to see how the material behaves at room and elevated temperatures up to 300°C and how it compares with results obtained by conventional testing data that were available at room temperature.
Experimental material and procedures
The experimental material was Al 99.99% with extremely coarse grain ~5 mm. It was available in virgin state and after ECAP by various number of passes. The ECAP procedure is shown in Fig. 1 . It involves pressing a billet through a die with Lshaped channel. Route A was selected with one exception of C4 (due to availability of the ECAP processed material) for this study. It was shown that processing route has only a little apparent effect of the creep behaviour of a pressed Al [22] [23] [24] .
Fig.1 ECAP routes for repetitive pressings

Fig.2 Billet after ECAP with orientation of SP disc
The SP discs from Al with low number of passes (A1, A2) were prepared from a cylinder made from the billet as shown in Fig. 2 , the discs from material with higher number of passes (C4, A6, A12) were prepared from existing cylindrical specimens prepared for compression testing. EBSD analysis using NordlysNano from Oxford Instruments installed in SEM Tescan Lyra 3 was preformed to determine the grain size and number of high angle grain boundaries (HAGBs) as shown in The SP tests were performed on 8 kN modified lever-arm creep machine with stepper motor, so the SPT-CDR can be routinely performed. The speed of loading was 0.25 mm/min. The geometry of the SPT setup was according [1] .
A typical relation between load and deflection for ductile metals is shown in Fig. 5 . It can be divided to several parts [13] . Part I is mainly defined by the elastic material properties, part II represents transition between elastic and plastic material behaviour, part III shows the hardening φ8 mm 10x10 mm properties up to part IV, where geometrical softening and damage occurs, in part V the penetration of the specimen occurs and part VI represents the remaining force needed to push the puncher through the already ruptured specimen. The maximum force F m , force at yield point F e (F y ) and SP energy E sp can be determined from the SPT diagram. E sp is defined by integration up to 20% drop of the maximum load and assumes that crack is already fully developed. The determination of the yield force F e (in the literature also F y, P y ) and estimation of yield strength R e appears most problematic. There are several methods how to define F e that were summarized by Garcia in [9] shown in Fig. 6 . One of the most known and used formulas for tensile strength evaluation from SPT results were developed by Mao and Takahashi [7] :
• ultimate strength:
• yield strength: 
Results and discussion
The deformation of virgin and ECAPed material after SPT is evident from Figs. 7 to 10. The virgin Al material shows typical circular crack with necking practically to zero thickness. The cap usually stays attached or detaches when the disc is removed from the jig. Same type of circular cracking is typical for ductile steels with the difference, that the thinning in the crack area is not so significant. With the increasing number of ECAP passes we can see a very thin ring of highly deformed material (marked by arrows in the Figs. 7 to 10) which has notably growing height with increasing number of passes. This phenomenon occurs at all temperatures and indicates increase of Al ductility in biaxial deformation after the ECAP process. We obtained ultimate strength R m underestimated and yield strength R e of ECAPed Al overestimated with empirical formulas valid for steels. Various Al alloys and composites before and after ECAP can be tested by SPT at room and elevated temperatures. There is a need of refined empirical SP formulas for light metals and their alloys.
